Matrix assisted laser desorption ionization time of flight mass spectrometry has been explored as a tool to bacterial colony morphotyping. To this end, four colony morphotypes of Pseudomonas aeruginosa and four of Staphylococcus aureus were analysed using intact bacteria. Results suggest that mass spectrometry of intact bacteria could, in some extent, be used to complement the classical morphological classification of bacteria.
Introduction
The fast and correct identification of infecting pathogens is the gold standard for successful, timely diagnosis and effective therapy design. To identify pathogens, there are several methods, which rely on culturing processes combined with morphological, physiological and biochemical characterization. Colony morphology observation often complements conventional microbial identification (e.g. biochemical tests) [1, 2] , namely to detect intra-strain diversity, i.e. to distinguish phenotypic subpopulations within the same strain [3, 4] . For instance, the identification of S. aureus small colony variants (SCV) can be compromised since SCV often exhibit altered metabolic activity that influences the results displayed by biochemical tests [5, 6] .
Currently new technologies have emerged for fast and sensitive microbial identification, from which matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) combined with mass spectrometry (MS) is the most promising one. MALDI-TOF MS has been extensively used for identification of bacteria at the species and strain level [7] [8] [9] [10] [11] [12] . In fact, MALDI-TOF MS is now considered a robust and reliable tool for bacterial taxonomy identification, as well as to classify bacterial species isolated from clinical samples [13] . Direct bacterial profiling by whole bacteria analysis is one of the most attractive approaches of MALDI-TOF MS, particularly in bacterial identification and differentiation. The direct deposition of "intact" bacteria mixed with matrix on the MALDI plate simplifies the laboratory procedures, thus minimising the costs and time taken in preparing the samples, without accuracy losses [14] .
One of the major concerns of the medical community in terms of public health is the increasing resistance displayed by bacteria to conventional antimicrobials (disinfectants and antibiotics) [15, 16] . Resistance seems to be potentiated when bacteria switch from planktonic or free-living state to sessile lifestyle and start growing as biofilms that are more resistant and persistent to antimicrobial stressors than their planktonic counterparts [17] . Several works have reported differences in antibiotic susceptibility profiles in colony morphologies isolated from biofilms [18] [19] [20] [21] [22] and, in particular, when bacteria are under antimicrobial stress after preventive or suppressive therapies [23, 24] . In fact, a genetic homogenous population is able to introduce diversity in its population in order to ensure their survival against external stressors, such as antibiotics [25] . In addition to significant differences in resistance profiles to in-use antibiotics, further analysis of distinct morphotypes has revealed the expression of important virulence factors in infection and disease development as a function of the morphotype. Indeed, morphotypes identified as SCV [22, 23] and mucoid variants [26, 27] have been associated to highly resistance to some conventional antibiotics. Understanding such intra-strain diversity pointed out by colony morphology variation is crucial to design effective antibiotic therapies and minimise the occurrence of resistant or multi-resistant bacteria.
To date, MALDI-TOF MS ability to discriminate at colony morphology level has not been assessed. The present study aims to assess MALDI-TOF MS as a tool for colony morphology differentiation. To this end, a standardized sample preparation protocol for bacteria and a MS data analysis taken with a MALDI-based method elaborated for rapid colony morphology profiling was used as proof-of concept with two main human pathogenic bacteria, Pseudomonas aeruginosa and Staphylococcus aureus.
Materials and methods

Materials and reagents
All culture media used in this study were obtained from Liofilchem Diagnostic.
The following reagents were used to perform MALDI-TOF MS analysis: trifluoroacetic acid (TFA, 99%) was from Riedel-de-Haen (Seelze, Germany), α-cyano-4hydroxycinnamic acid (α-CHCA) and sinapinic acid both puriss were from Fluka (Buchs, Switzerland). Milli-Q water was used throughout the experiments. All the chemicals used were of analytical-reagent grade, unless otherwise specified. All materials were used without further purification.
Bacterial strains and culture conditions
The strains tested were P. aeruginosa ATCC 10145 and S. aureus ATCC 25293. These bacteria were routinely cultured on tryptic soy broth (TSB) or agar (TSA) medium at 37 1C. All strains were preserved in criovials (Nalgene) at −80 72 1C. Prior to each experiment, bacterial cells were grown on solid media for 24 h at 37 1C.
Biofilm formation
P. aeruginosa ATCC 10145 and S. aureus ATCC 25293 were allowed to form 24-h-old biofilms as described previously [28] . Bacteria inocula were grown overnight on TSB at 37 1C in air conditions, and then diluted in fresh TSB to obtain suspended cultures with 10 7 CFU/mL as final concentration. Afterwards, each bacterial suspension was transferred to 6-well polystyrene plate, where biofilms were developed aerobically on a horizontal shaker (120 rpm) at 37 1C for 24 h. Then, biofilms were scrapped into sterile water, homogenized, being the biofilm-cells serially diluted with sterile ultrapure water and spread on solid media plates.
Observation and classification of colony morphology
To assess colony morphology, bacteria from planktonic and biofilm cultures were allowed to grow on solid plates during 50 h at 37 1C. This step was aimed to obtain complete and unchangeable morphotypes. Colony morphologies were observed by directly placing the petri plates on a magnifying glass (Olympus SZ-CTV) and photographed in a CCD camera (AVC, D5CE; Sony, Tokio, Japan). Colony morphotyping was based on a classification system of bacterial colonies, created by some of the authors within the scope of the community efforts promoted by the MIABiE consortium (http://miabie.org). Therefore, colonies were described using key morphological features commonly used in literature, including form, margin, surface, texture, size, presence of sheath, elevation, opacity, consistency and colour [29] [30] [31] . In addition, a quantitative parameter, the diameter, expressed in millimetres, was also included in the characterisation.
Bacterial preparation for MALDI-TOF MS
The different colonies of each bacterium were transferred from solid media to the extraction tube with a plastic loop. P. aeruginosa cells were re-suspended in ultrapure water and treated following a previous described protocol with some minor modifications as follows [32] . Cells were washed with 0.1% v/v of trifluoroacetic acid, TFA, re-suspended in 200 μL of chloroform-methanol (1:1) and vortexed for 1 min. The cell suspension was centrifuged at 9000g for 8 min and the resulting pellet re-suspended in 15 μL of 0.1% v/v of TFA. Different matrix solutions were daily prepared with α-cyano-4-hydroxycinnamic acid (α-CHCA) and sinapinic acid as follows: 10 mg of α-CHCA were dissolved in 50% acetonitrile (ACN) and ultrapure water containing TFA 0.1%v/v; 20 mg of SA were dissolved in 30% ACN and ultrapure water containing 0.3% of TFA. Then, each of the aforementioned matrices were 1:1 mixed with the cellular sample, and the mixture was vortexed for 30 s. Each mixture (cell sample and matrix solution) was spotted on the MALDI target plate and allowed to dry at room temperature.
The treatment of S. aureus cells was performed according to Carbonnelle et al. [11] with some alterations. 1:1 v/v matrix to sample ratios were investigated by changing the matrix composition to assess the best matrix for this bacteria. The bacteria were first spotted into the MALDI plate and then the bacteria were covered by the matrix. The mixture was allowed to dry at room temperature.
MALDI-TOF MS analysis
An Ultraflex II MALDI-TOF/TOF instrument equipped with a nitrogen laser radiating at 337 nm from Bruker Daltonics was used to acquire bacteria mass spectra.
Measurements were done using the reflector positive ion mode, with a 20 kV accelerating voltage, 75.1% grid voltage, 0.002% guide wire, and a delay time of 140 ns. Mass spectra were taken in the m/z range of 2000-20,000 and obtained in different regions of the same sample, based on the acceptance criteria of 1000 laser shots per spot. External calibrations were performed with a Protein Calibration Standard I (Bruker Daltonics).
Mass spectra were processed with FlexAnalysiss software (Version 2.4), subjected to baseline correction, noise filtration, normalized to the base peak, smoothed using Gauss algorithm and analysed considering the mass interval of 2000-20,000 Da (due to the good reproducibility of spectra profile at that range). In order to avoid the presence of noisy peaks, each sample was spotted five times in the MALDI MS, the resulting spectra were aligned allowing an m/z error of 750 ppm, and those peaks that did not appear in, at least, three of the five spectra were discarded.
Clustering analysis
An agglomerative hierarchical clustering was employed to analyze the individual spectrum and peak similarities. The clustering was constructed using a custom implementation of the Unweighted Pair Group Method with Arithmetic Mean [33] algorithm with Hamming distance [34] as the distance metric. It was decided to choose this distance metric instead of the more common Euclidean distance since it was not used the peak intensity information. Therefore, the clustering was built taking into account solely the presence or the absence of the peaks in each spectrum. The clustering results were presented as heat maps using the Java Treeview software [35] .
The peak lists used in the clustering analysis were filtered applying a Chi-squared test of independence corrected using Williams' Correction, and selecting those peaks with a p-value under 0.05. That is, only the most discriminative peaks were used. Full list of peaks is provided in supplementary material (the peaklist.tvalues.xlsx file).
Results and discussion
MALDI-TOF MS analysis optimization
A total of 4 morphotypes for each species were studied. And for each morphotype a total of three to six biological replicates were used. The range of replicates was variable because of distinct prevalence of each morphotype in planktonic and biofilm cultures. Each biological replicate was spotted into the MALDI plate five times.
To clean bacteria from contaminants originated by the culture medium that would eventually cause interfering m/z peaks in the MALDI spectrum, a solution of chloroform and methanol was used. This solution has been addressed in literature to remove culture residues from the surface of the bacteria [32] . After the cleaning procedure, the bacteria were pelleted by centrifugation. Then the pellet was resuspended in 0.1% v/v TFA. Before MALDI analysis, an equal volume of sample and matrix, α-CHCA or sinapinic acid, was mixed. The mixture was then vortexed and 1 mL of this solution was spotted into the MALDI target in five different spots.
Influence of the type of matrix
The matrix used to aid in the ionization process is of main concern in MALDI analysis. Thus, α-CHCA is used in those cases where the analytes are mainly peptides with molecular masses below 10 KDa, whilst sinapinic acid is used for those cases where the analytes are high mass peptides or proteins, above 10 KDa [36] . Fig. 1 shows spectra of different morphotypes of P. aeruginosa using both matrixes. From this figure it may be concluded that the spectrum obtained with α-CHCA have more m/z signals with higher intensity that the ones observed in the spectrum obtained with sinapinic acid. In other words the best matrix for P. aeruginosa was anticipated to be α-CHCA, which was later confirmed by statistical assay (data not shown). The richest is the spectra in m/z signals the best is the classification attained, as there is a higher chance to find differences between morphotypes.
Interestingly, the method mentioned above provided excellent spectra for the P. aeruginosa, but failed to obtain m/z signals for S. aureus (data not shown). It was hypothesised that this was due to the low mass of bacteria transferred to the MALDI plate and differences in the size of both types of bacteria. Furthermore, colonies in this study were allowed to grow during 72 h to achieve complete colony morphogenesis, which may have affected the obtainment of MALDI-TOF MS spectra. It has been reported that excessive cultivation time (colony growth above 48 h) could weak and reduce the detection of characteristic peaks by MALDI-TOF MS [37] .
Consequently, for the case of S. aureus a different approach was attempted. First, the cleaning step was avoided, as it was observed that some bacteria were lost during this step. However, again no signal was obtained. So, an additional change was made. 
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The crystallization process was modified. It is well known that in many cases the crystallization process severely affects the MALDI spectrum [36] . In this case, first the bacterial solution was spotted and let to dry. Then, the matrix solution (α-CHCA or sinapinic acid) was spotted over the dry sample. Once the matrix was also dry, the MALDI analysis was performed. With such modifications, good spectra were obtained using either α-CHCA or sinapinic acid, as shown in Fig. 2 . As a matter of fact, the spectra were similar for both α-CHCA and sinapinic acid, being difficult to distinguish them by naked eye. So, for this case it was not possible to anticipate which matrix would provide the best results for classification purposes.
Colony morphology classification
Although colony morphology studies are attracting attention, the identification and description of morphological features are often inconsistent and somewhat confusing, relying on considerations of individual author and laboratories [38, 39] . For instance, authors often use "wrinkled" and "rugose" as synonyms, but there are works in which that is not the case [20, 22] . In this work, a new standardising morphological classification system was at the base of the colony annotation process (http://www.miabie.org/cmo. php). Morphological criteria used in this work include form, margin, surface, texture, size, presence of sheath, elevation, opacity, consistency and colour. Based on the aforementioned criteria four morphotypes of P. aeruginosa and four of S. aureus were classified as described in Table 1 . As may be seen, in terms of morphology, P. aeruginosa morphotype A differs from B, C and D in 3 of the 10 parameters investigated. B differs from C and D in 2 parameters, and C differs from D on one parameter. In other words, the classification seems as follows AdB, C, D; B⪢C, D; and C 4D, where each "4" means one parameter of difference.
For the case of S. aureus, the morphological classification was more troublesome. Non-and SCV morphotypes only differed in a maximum of two parameters (Table 1) . Thus, morphotypes A and B differ in two parameters as well as B and C. A and B differ from C and D in one parameter whilst C and D differ between them in one parameter. In other words, A⪢;B; B⪢C; A 4C,D; B 4D; C 4D.
In an attempt to classify those morphotypes in a new, fast and straightforward way, we used MALDI mass spectrometry-based fingerprinting, as described below.
MALDI-TOF MS classification
The spectra obtained, a total of 140, were clustered using the methodology described in Section 2.7. For the P. aeruginosa, a cluster was done with the data taken from the spectra that were obtained using α-CHCA. This cluster is depicted in Fig. 3 . As may be seen, MALDI clusters the morphotypes into three main groups, two single groups constituted by the morphotypes C and D and a group constituted by morphotypes A and B. Morphotype D is clearly separated from the other morphotypes, while morphotype C appears slightly mixed with some samples of morphotype B. Although samples of morphotype A are also mixed with samples of morphotype B, there is a clear separation between morphotype A and morphotypes C and D. The same result was attained with the spectra obtained with sinapinic acid.
The characteristic peaks concerning the three groups (A/B, C and D) were compared with those reported in literature. It was found that this type of information is not abundant because the studies regarding species identification by MALDI-TOF MS are focused on specific parameters, such as the matching at genus Table 1 Comparison of the classification results obtained from morphological and MALDI-TOF MS categorization of P. aeruginosa and S. aureus colonies. Colonies were morphologically organized in four distinct groups according to ten qualitative and one quantitative criteria. In contrast MALDI-TOF MS grouped colony morphotypes in two major groups (A and B; C and D) for P. aeruginosa and in two groups (A and B; C and D) for S. aureus. and species level and non-matching percentages [1, 12, 40] . Furthermore, peaks reported by those studies correspond to conserved domains expressed by the whole species, which do not apply to the present study. No common peaks were found between the list of characteristic peaks reported by strain differentiation studies by MALDI-TOF MS and the list of peaks reported by this study. Typically, peaks obtained from strain differentiation studies are characteristic of each bacterial strain, whilst the present study was focused on intra-strain level differentiation. For S. aureus, the cluster done with the data taken from α-CHCA which is shown in Fig. 4 reveals two main groups, one constituted by morphotypes A and B and another one formed by C and D. Although samples of morphotype D are grouped together, the number of peaks shared with samples of morphotype C indicates that both morphotypes are very similar. This group is more homogeneous than the groups A and B, where two samples (i.e. A_3_314 and B_2_60) were placed closer to the groups C and D than to their corresponding group. This classification was also obtained with sinapinic acid although was better attained with the α-CHCA, because for the case of sinapinic acid one A and one B morphotypes were mixed with the morphotypes C and D.
MALDI-TOF MS
The comparison of the characteristic peaks obtained for the two S. aureus groups with those reported in literature revealed that the 2646 of m/z signal was already noticed. Edward-Jones et al. [41] pointed out a peak of 2647 m/z value as one of the characteristic peaks exhibited by methicillin-sensitive staphylococcal isolates. Such evidence suggests that C and D morphotypeassociated bacteria may be susceptible to methicillin, in contrast to morphotypes A and B.
MALDI-TOF MS versus morphological classification of bacterial colonies
The classifications done over P. aeruginosa and S. aureus by the classic and the MALDI methods are shown in Table 1 . For the case of P. aeruginosa, the morphological classification of colonies provides 4 phenotypes whilst the MALDI classifies only into three phenotypes because morphotypes A and B seemed similar in terms of their MALDI fingerprintings. This group is different from the other two groups formed by C and D.
The morphological classification done for S. aureus gave rise to four phenotypes whilst the clustering done with the MALDI spectra classified the morphotypes into two groups: A, B and C, D. It should be noted that on the first group MALDI-TOF MS analysis clustered a non-and SCV morphotypes, while the second group was composed only of non-SCV morphotypes.
Possibly, the discrepancies observed between MALDI-TOF MS and colony morphology methods for P. aeruginosa and S. aureus may arise due to the differential antibiotic patterns exhibited by the colony morphotype-associated bacteria. Indeed, a number of studies have reported that MALDI-TOF MS may distinguish antibiotic resistant and susceptible strains of the same species [41] [42] [43] [44] [45] . In addition, the expression of differential virulence factors may also contribute to discrepancies between both techniques. These hypotheses will be addressed in future works.
Conclusions
As a general trend seems that MALDI-based fingerprinting of bacterial colony variants is not able to provide a classification as large as the one obtained with the morphological classification using ten different visual characteristics. The distinct colony morphotypes were grouped by the MALDI-based strategy differently than using the morphological approach. However, the MALDI spectra can be also used as a further characteristic in helping to differentiate morphotypes. Taken together, these data suggest that MALDI-based morphotyping offers a different perspective than the classic morphological approach, which needs to be further explored. Future work will encompass correlating morphotyping of bacteria by both methodologies with antibiotic susceptibility and virulence factors expression. 
